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Epstein-Barr virus (EBV) genomes persist indefinitely in latently infected human cells, in part due to their
ability to stably segregate during cell division. This process is mediated by the viral EBNA1 protein, which
tethers the viral episomes to the cellular mitotic chromosomes. We have previously identified a mitotic
chromosomal protein, human EBNA1 binding protein 2 (hEBP2), which binds to EBNA1 and enables EBNA1
to partition EBV-based plasmids in Saccharomyces cerevisiae. Using an RNA silencing approach, we show that
hEBP2 is essential for the proliferation of human cells and that repression of hEBP2 severely decreases the
ability of EBNA1 and EBV-based plasmids to bind mitotic chromosomes. When expressed in yeast, hEBP2
undergoes the same cell cycle-regulated association with the mitotic chromatin as in human cells, and using
yeast temperature-sensitive mutant strains, we found that the attachment of hEBP2 to mitotic chromosomes
was dependent on the Ipl1 kinase. Both RNA silencing of the Ipl1 orthologue in human cells (Aurora B) and
specific inhibition of the Aurora B kinase activity with a small molecule confirmed a role for this kinase in
enabling hEBP2 binding to human mitotic chromosomes, suggesting that this kinase can regulate EBV
segregation.

Epstein-Barr virus (EBV) infects most people worldwide
and stably persists for the life of the host through latent infec-
tion of B lymphocytes and epithelial cells (40). Due to the
immortalization effects of the viral latency proteins, latent in-
fection predisposes the host to develop a variety of malignan-
cies. Only one viral protein, EBNA1, is required to maintain
the viral episomes in proliferating latently infected cells, as it
plays important roles in both the replication and the segrega-
tion of the EBV episomes during cell division (51). EBNA1
contributes to DNA replication by binding to specific se-
quences in the dyad symmetry element of the latent origin of
replication, oriP, while the segregation of the EBV episomes
requires EBNA1 binding to the 20 tandem recognition sites in
the family of repeats (FR) element of oriP (30, 39). The inter-
action of EBNA1 with the dyad symmetry and FR sequences
occurs through the DNA binding and dimerization domain of
EBNA1, which is located between amino acids 459 and 607 (2,
45). In addition to this domain, the replication and segregation
functions of EBNA1 require N-terminal sequences of EBNA1;
replication appears to involve multiple redundant regions of
the EBNA1 N terminus, while segregation function is abso-
lutely dependent on the Gly-Arg-rich sequence between amino
acids 325 and 376 and moderately affected by amino acids 8 to
67 (33, 42, 49).

The concept that EBNA1 mediated the segregation of EBV
episomes by tethering them to the cellular mitotic chromo-
somes stemmed from observations that EBNA1, EBV epi-
somes, and oriP-containing constructs were all tightly associ-
ated with mitotic chromosomes and that the association of oriP
plasmids with mitotic chromosomes was EBNA1 dependent

(17, 20, 27, 38, 43). Mutational analyses of EBNA1 also sup-
ported the chromosomal tethering model of segregation, as
mutations in EBNA1 that negatively affected chromosome at-
tachment had similar effects on the segregation function of
EBNA1 (48, 49). In addition, Hung et al. (25) showed that the
EBNA1 N-terminal region responsible for chromosome at-
tachment and oriP plasmid maintenance could be functionally
replaced by the chromosome binding sequences of high-mo-
bility group 1 and histone H1.

While EBNA1 is thought to attach to mitotic chromosomes
by binding one or more cellular protein components, the na-
ture of these cellular proteins and the mechanism by which
their association with EBNA1 is regulated has not been clear.
A few years ago, we identified a previously uncharacterized
cellular protein that we called EBNA1 binding protein 2
(EBP2) from a two-hybrid screening for human proteins that
specifically bind EBNA1 (42). This protein is conserved in
eukaryotes, and the Saccharomyces cerevisiae homologue,
which is strictly localized to the nucleolus, was subsequently
shown to play an essential role in rRNA processing (24, 47).
Mapping of the human EBP2 (hEBP2) binding region on
EBNA1 showed that efficient hEBP2 binding required amino
acids 325 to 376 and was moderately affected by amino acids 8
to 67 (42, 49). The ability of EBNA1 to bind hEBP2 correlated
with its ability to associate with mitotic chromosomes and
segregate oriP plasmids, suggesting that hEBP2 might play a
role in this process. The cellular localization of hEBP2 was also
consistent with this hypothesis, since hEBP2, which is nucleolar
in interphase (7), is found all over the condensed chromo-
somes in mitosis, much like EBNA1 (48).

Direct evidence that hEBP2 could function with EBNA1 to
segregate oriP plasmids came from reconstitution experiments
with S. cerevisiae. In this system, yeast-replicating plasmids
containing the EBV FR element stably segregate only in the
presence of both EBNA1 and hEBP2, and mutations in
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EBNA1 that affect oriP plasmid segregation in human cells
have similar effects on the segregation of the FR-containing
plasmids in yeast (29, 49). The ability of hEBP2 to function in
EBNA1-mediated plasmid partitioning was shown to require
two hEBP2 domains, a central coiled-coil domain that binds to
mitotic chromosomes in both yeast and human cells and a
C-terminal domain that binds to EBNA1 (28). When expressed
on its own in yeast, hEBP2 was found to associate with the
entire mass of mitotic chromatin, whereas EBNA1 associated
with the mitotic chromatin only in the presence of hEBP2 (28).
These results indicate that the role of hEBP2 in this segrega-
tion system is in tethering EBNA1 to the mitotic chromosomes
and that EBNA1-mediated plasmid segregation in yeast occurs
through chromosome attachment, as it does in humans.

While the data show that EBNA1 can partition plasmids by
binding to hEBP2 on mitotic chromosomes, several important
questions remain unanswered. First, since hEBP2 is only one
of many protein components of human mitotic chromosomes,
the relative importance of this protein as an EBNA1 attach-
ment point in human cells is unclear, as there could be other
chromosomal proteins that are bound by EBNA1. Secondly,
the mitotic chromosomal component to which hEBP2 itself
binds is unknown, as is the mechanism by which hEBP2 redis-
tributes from its specific localization in the nucleolus in inter-
phase to extensive association with the condensed chromo-
somes in mitosis. In this paper, we show that the silencing of
hEBP2 expression in human cells has pronounced effects on
the ability of EBNA1 and oriP plasmids to associate with mi-
totic chromosomes. We also show that the attachment of
hEBP2 to mitotic chromosomes is dependent on the Ipl1/
Aurora kinase in the yeast-reconstituted segregation system
and in human cells.

MATERIALS AND METHODS

Immunofluorescence microscopy of human cells. Log-phase cells were ad-
hered to poly-L-lysine-coated coverslips and prepared for immunofluorescence
microscopy as described previously (49). hEBP2 was detected with rabbit anti-
body raised against highly purified hEBP2 (48), followed by fluorescein isothio-
cyanate-conjugated goat anti-rabbit antibody (Invitrogen). EBNA1 was detected
with the mouse monoclonal antibody OT1x (kindly provided by Jaap Middel-
dorp) followed by Texas Red-conjugated goat anti-mouse antibody (Molecular
Probes). In all cases, DNA was visualized by DAPI (4�,6�-diamidino-2-phenylin-
dole; 25 ng/�l) staining. Microscopy was performed at �400 magnification using
a Leica DMR microscope and OpenLab software.

HeLa, 293T, and C33A cells expressing EBNA1 were generated by transfect-
ing the cells with an oriP plasmid expressing EBNA1 (pc3oriPE) (42) and grow-
ing the cells under G418 selection (300 �g/ml) for this plasmid. For mitotic
chromosome spreads, cells were blocked in mitosis with Colcemid (0.1 �g/ml) for
16 h and chromosomes were prepared using the methanol:acetic acid method
described by Kapoor and Frappier (28). The chromosomes were then stained for
hEBP2 and EBNA1 (when present) and counterstained with DAPI. Some
spreads were stained for B23 instead of EBNA1, using goat anti-B23 (Santa
Cruz) and donkey anti-goat Cy3 (Chemicon) antibodies. All chromosome
spreads were analyzed at �630 magnification.

Western blots on fractionated human cell lysates. Cells transfected with
siRNA constructs (or the control construct) were blocked in mitosis with Col-
cemid (0.1 �g/ml medium) for 16 (hEBP2 silencing experiments) or 6 (Aurora
kinase silencing experiments) hours. Equal cell numbers from each sample were
then harvested by mitotic shake-off and lysed in 100 �l of Buffer A (20 mM Tris
HCl [pH 7.5], 75 mM KCl, 30 mM MgCl2, 0.5% NP-40, 1 mM dithiothreitol, 0.5
mM EDTA,1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine). Fifty
microliters of the cell lysate was removed (sample W), and the remaining 50 �l
of lysate was spun at 10,000 rpm for 10 min at 4°C in a microcentrifuge. The
supernatant (sample S) was removed, and the pellet was resuspended in 50 �l of
Buffer A (sample P). Twenty-five microliters of each W, S, and P sample was

subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotted using rabbit antibody against hEBP2 or OT1x monoclonal
antibody against EBNA1. In control experiments, samples were probed with
mouse anti-histone H1 (Santa Cruz), goat anti-B23 (Santa Cruz), or mouse
anti-Nap1 (26) (kindly provided by Yukio Ishimi). Membranes were developed
with an ECL Plus system (Amersham Biosciences) and, for quantification pur-
poses, chemifluorescence was measured using a Typhoon 9400 variable mode
imager (Amersham Biosciences) set at Laser Blue 457. The resulting bands were
quantified with Image-Quant 5.0 software.

RNA silencing. HeLa, 293T, and C33A cells that do or do not express EBNA1
were plated at 5 � 105 cells per 6-cm dish 24 h prior to transfection with the
ESCORT reagent according to the manufacturer’s instructions (Sigma). Cells
were separately transfected with 2 �g of pSilencer 2.1 U6 plasmid (Ambion)
expressing hairpin RNA designed to silence either hEBP2 ([AA]GCTAAGCA
ACTGCGAGCAC), Aurora A ([AA]ATGCCCTGTCTTACTGTCA), Aurora
B ([AA]CGCGGCACTTCACAATTGA), Aurora C ([AA]GTCGCAGATAGA
GAAGGAA) or green fluorescent protein (GFP; no silencing control). After
transfection, the cells were grown under hygromycin (150 �g/ml) selection for
pSilencer until the target protein was silenced (3 days for hEBP2, 4 days for
Aurora B, 5 days for Aurora A, and 6 days for Aurora C). G418 was also added
to EBNA1-expressing cells to maintain the EBNA1 expression plasmid. To
determine silencing efficiency, equal amounts of cell lysates prepared before and
after transfection were analyzed by Western blotting. Blots were probed with
anti-USP7 rabbit serum as a loading control (22) and with either rabbit anti-
hEBP2 (48), goat anti-Aurora A (Santa Cruz), anti-Aurora B (Abcam), or
anti-Aurora C antibodies (Abgent) and then with goat anti-rabbit (Bio-Rad
Laboratories) or donkey anti-goat (Santa Cruz) antibodies. Blots from EBNA1-
expressing HeLa cells were also probed with EBNA1 monoclonal antibody
OT1x. Fractionation of cell lysates was performed (as described above) as soon
as silencing of the target protein was observed (3 to 6 days posttransfection, as
indicated above).

C666-1 cells. The EBV-transformed nasopharyngeal carcinoma cell line,
C666-1 (9), was kindly supplied by Lo Kwok Wai and Fei-fei Lui. C666-1 cells
were grown in RPMI and transfected with pSilencer plasmids expressing hairpin
RNA from hEBP2 or GFP as described above except that Lipofectamine 2000
(Invitrogen) was used. Four days posttransfection, an aliquot of the cells was
analyzed for hEBP2 expression. When hEBP2 silencing was confirmed, the rest
of the cells were blocked in mitosis with Colcemid and then fractionated and
analyzed for EBNA1 expression as described above.

Southern blots on fractionated human cell lysates. HeLa cells were trans-
fected with 5 �g of pc3oriPE and 2 �g pSilencer expressing small interfering
RNA (siRNA) against GFP or hEBP2 as described above. After confirming
efficient silencing, cells were blocked for 16 h in Colcemid (0.1 �g/ml), harvested
by mitotic shake-off, lysed, and separated into soluble and chromosomal pellet
fractions as described above for Western blots. pc3oriPE plasmids from the
whole-cell, supernatant, and pellet fractions prepared from 2.5 � 106 cells were
isolated by Hirts extraction and ethanol precipitation. The plasmids were then
linearized, Southern blotted, and quantified by PhosphorImager analysis using
ImageQuant software.

ZM447439 treatment. Log-phase HeLa cells or Raji EBV-transformed Bur-
kitt’s lymphoma cells were treated with 2 �M ZM447439 (a gift from AstraZen-
eca) as previously described (11). After 2 h, Colcemid was added, and cells were
incubated for an additional 16 h. Mitotic cells were collected by mitotic shake-off,
and lysates were fractionated and Western blotted for EBNA1 as described
above.

Yeast strains and mitotic chromosome spreads. S. cerevisiae strains are listed
in Table 1. For temperature-sensitive strains, permissive and restrictive temper-
atures were 23°C and 37°C (39°C for smc1-1), respectively. To obtain yeast
expressing hEBP2, yeast strains were transformed with pR425/PGK.hEBP2 (28)
or pRS424GPD.hEBP2 (YBL31-9-3c). pRS424GPD.hEBP2 contains the hEBP2
gene in the XmaI site of the pRS424GPD plasmid (37). Yeast mitotic cells were
obtained as follows. Condensin mutants were first grown until log phase (optical
density at 600 nm [OD600], 0.2 to 0.4) in selective medium to minimize plasmid
loss and then transferred to yeast extract-peptone-dextrose (YPD) medium con-
taining 20 �g of nocodazole (Sigma)/ml of YPD for 3 h at 23°C. The cultures
were then either shifted to 37°C for 30 min to inactivate condensin or kept at
23°C (control). For the cohesin and ipl1 mutants, log-phase cultures (OD600, 0.2
to 0.4) under selective conditions were synchronized in G1 phase by transferring
them to YPD–3 �M �-factor (Sigma) for 3 h at 23°C (or 37°C for the inactivation
of Ipl1 in the G1 experiment). The cells were then washed in YPD and rearrested
in mitosis by the addition of 20 �g/ml nocodazole 30 min later. The cells were
then kept at 23°C (control) or shifted to 37°C (39°C for 5dAS98) for a further 3 h.
JHY93 was blocked in mitosis with nocodazole for 3 h at 30°C. In all cases, the
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extent of the mitotic arrest was monitored by microscopy; typically, �70% of the
cells were large budded with a single undivided nucleus. Chromatin spreads were
prepared as described previously (28, 36) and were stained with rabbit anti-
hEBP2 and fluorescein isothiocyanate-conjugated goat anti-rabbit antibodies. G1

spreads for the ipl1 temperature-sensitive (ts) strain was also stained with mouse
anti-NOP1 (kindly provided by John Aris) and Texas Red-conjugated goat anti-
mouse antibodies. All spreads were counterstained with DAPI (1 �g/ml) and
visualized at �1,000 magnification using a Leica DMR microscope and OpenLab
software.

RESULTS

Localization of hEBP2 in human cells. hEBP2 is localized to
the nucleolus in interphase human cells, but in mitosis, when
the nucleolus does not exist, we have found hEBP2 to be tightly
associated with the condensed cellular chromosomes in both
epithelial and B-lymphocyte-derived cell lines (28, 48). When

log-phase HeLa (cervical carcinoma), Raji (EBV-positive Bur-
kitt’s lymphoma), and BL41 (EBV-negative B-lymphocyte)
cells were stained with polyclonal antibodies specific for
hEBP2, hEBP2 exhibited nucleolar staining in all interphase
cells and localized to the condensed chromosomes in all mi-
totic cells (Fig. 1). These results are consistent with the previ-
ously described cell-cycle-dependent localization of GFP-
tagged hEBP2 in HeLa cells (28). As we analyzed hEBP2
localization with an increasing number of different cell lines,
we made the surprising observation that, while hEBP2 was
readily detected by immunofluorescence in every human cell
line we tested during interphase, hEBP2 could be detected
only in a subset of lines once the cells entered mitosis. When
log-phase 293T (embryonic kidney cells transformed with
SV40 and adenovirus oncogenes) and C33A (cervical carci-

FIG. 1. Immunofluorescence images of hEBP2 in human cell lines. Log-phase cells from the indicated cell lines were fixed and stained with
antibody against hEBP2 and counterstained with DAPI. Interphase and mitotic cells are as indicated (magnification, �400). Mitotic chromosome
spreads prepared from cells blocked in mitosis were also stained with hEBP2 antibody and counterstained with DAPI. These images were captured
using �630 magnification. All images were photographed using the same exposure time.

TABLE 1. Yeast strains in this study

Strain Mating
type Genotype Background Reference

BLY07 MATa ycg1-2:KAN ura3-52 leu2�1 trp1�63 his3�200 lys2-801 ade2-101 S288c Lavoie et al. (31)
1aAS330 MATa smc2-8 ura3 leu2 lys2 his3 ade2 S288c Freeman et al. (13)
YBL31-9-3c MATa mcd1-1 trp1 his3�200 S288c This study
5dAS98 MATa smc1-1 ade2 his3 leu2 trp1 ura3 S288c Strunnikov et al. (44)
K5824 MATa smc3-42 ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 GAL [psi�] (ura negative) W303 Michaelis et al. (36)
YBL69-4-6d MATa ipl1-321 trp1�63 ade2 leu2 his3�200 ura3-52 ade2-101 his3�1 leu2-3,112 trp1-

289 lys2-801
Other This study

JHY93 MATa �(hht1-hhf1) �(hht2-hhf2)/CEN TRP1 hht2-5(H3-S10,28A) HHF2 S288c Lavoie et al. (31)
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noma) cells were stained with the same anti-hEBP2 antibody,
hEBP2 was readily visualized in the nucleolus in all interphase
cells but was undetectable in mitotic cells (Fig. 1, left and
middle panels). Consistent with the results for whole cells,
when chromosome spreads were prepared from cells blocked
in mitosis with Colcemid, intense hEBP2 staining was detected
on the mitotic chromosomes from HeLa, BL41, and Raji cells,
but no staining was observed for the chromosome spreads from
293T or C33A (Fig. 1, right panel). These observations are
unlikely to derive from a staining artifact, as GFP-tagged
hEBP2 in HeLa and C33A cells showed similar staining pat-
terns in interphase, but in mitosis, GFP-hEBP2 could be de-
tected only in HeLa cells (reference 28 and data not shown). In
addition, the B23 and histone H1 proteins were readily visu-
alized by immunofluorescence on the mitotic chromosomes
from both 293T and C33A cells (data not shown). B23 is a
nucleolar ribosome assembly protein that, like hEBP2, associ-
ates with the cellular chromosomes in mitosis (12).

Differences in detection of hEBP2 in different mitotic cells
by microscopy could reflect overall lower hEBP2 expression
levels in the cells that do not exhibit mitotic chromosome
staining relative to those that do or could be due to degrada-
tion of hEBP2 at the onset of mitosis in cells where hEBP2 is
not detected in mitosis. To investigate the first possibility,
Western blot analysis was performed, using the same anti-
hEBP2 antibody that was used for microscopy, on equal
amounts of whole-cell lysates prepared from the log-phase
cells described above and from two additional EBV-negative
B-cell lines (DG75 and BJAB). As shown in Fig. 2A, no sig-
nificant differences in the levels of hEBP2 in any of the cell
lines were observed. To address the second possibility, similar
Western blot analyses were performed with whole-cell lysates
from cells blocked in mitosis and collected by mitotic shake-off,

but no significant differences in the levels of hEBP2 were
observed (Fig. 2B). These results indicate that the failure to
visualize hEBP2 by microscopy in some mitotic cells is not due
to low levels of hEBP2 in mitosis.

Since we could clearly detect hEBP2 in mitosis in all cell
lines by Western blotting, we used this detection method in
combination with biochemical fractionation of the cells to in-
vestigate the localization of hEBP2 in mitotic HeLa, C33A,
293T, BL41, Raji, BJAB, and DG75 cells. To this end, the cells
were blocked in mitosis, and whole-cell lysates were prepared
under conditions in which the chromatin remains intact (19).
These lysates were then separated by low-speed centrifugation
into a pellet fraction, which contains the chromatin and cell
debris, and a soluble protein fraction. Western blot analyses of
the cellular fractions for hEBP2 showed that virtually all of the
hEBP2 in all seven cell lines localized to the chromatin pellet
fraction (Fig. 2C), as did the known chromosomal proteins,
B23 and histone H1 (see Fig. 5B). As expected, the nucleo-
some assembly protein 1 (NAP1), which has not been shown to
associate with mitotic chromatin, remained in the soluble frac-
tion (see Fig. 5B). Together, these results suggest that, while
hEBP2 is refractory to detection by microscopic approaches on
mitotic chromosomes in a subset of cell lines tested (e.g., C33A
and 293T), it is nonetheless present and bound to chromatin.

Effects of hEBP2 silencing on cell viability and mitotic chro-
mosome attachment of EBNA1. We have previously shown that
hEBP2 can enable EBNA1 to segregate EBV-based plasmids
in yeast by tethering EBNA1 to the chromosomes in mitosis,
suggesting that EBNA1 might also attach to human mitotic
chromosomes by binding hEBP2 (28, 29). To assess this pos-
sibility, we designed a hairpin RNA to silence hEBP2 expres-
sion and expressed it from a plasmid in HeLa cells that had
been engineered to express EBNA1. After transfection, the
cells were grown under selection for the silencing plasmid and
analyzed for hEBP2 expression. Optimal silencing of hEBP2
was observed 3 days posttransfection (as determined by West-
ern blotting) and continued until approximately 7 days post-
transfection (data not shown). We examined the viability of
HeLa cells with silenced hEBP2 by plating cells transfected
with the hEBP2 silencing plasmid on slides and monitoring the
doubling of the cells by microscopy. Cells that had taken up the
silencing vector proliferated for the first 6 to 7 days posttrans-
fection and then stopped dividing around the seventh day.
Since the silencing of hEBP2 took 2 to 3 days after transfection
to occur, the cells lacking hEBP2 were able to undergo ap-
proximately four doublings before they were no longer viable.
This growth profile is very similar to the slow-stop phenotype
seen for S. cerevisiae with a yeast EBP2 (yEBP2) temperature-
sensitive mutant, which reflects the essential role of yEBP2 in
generating ribosomes (24). Examination of the hEBP2-si-
lenced cells both before and after growth arrest did not reveal
any obvious alterations to the cell morphology, nor were gross
changes in chromosome structure detected in mitotic chromo-
some spreads (data not shown).

To assess an in vivo role for hEPB2 in EBNA1-mediated
segregation, we examined the ability of EBNA1 to associate
with mitotic chromosomes in the absence of hEBP2. These
analyses were performed at 3 days posttransfection, when si-
lencing and cell viability were optimal. Western blot analyses
showed that, while hEBP2 was effectively silenced by this con-

FIG. 2. hEBP2 expression levels and localization in fractionated
cell lysates. Equal amounts of cell lysates from log-phase cells (A) or
from cells blocked in mitosis with Colcemid (B) were analyzed by
Western blotting using hEBP2 antibody. (C) Lysates were prepared
from mitotically blocked cells, and these whole-cell lysates (W) were
separated into chromosomal pellet (P) and soluble (S) fractions by
centrifugation. Aliquots of each sample from equal cell numbers were
analyzed by Western blotting using anti-hEBP2 antibody.
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struct, the levels of EBNA1 or the host nuclear ubiquitin-
specific protease USP7 (used as a loading control) were not
affected (Fig. 3A). Immunofluorescence staining of the cells
after hEBP2 silencing showed that hEBP2 was not detectable
in 75% of the cells (data not shown). We then used this pop-
ulation of cells to compare EBNA1 localization in cells in
which hEBP2 expression was and was not silenced. To examine
the effects of hEBP2 expression on EBNA1 binding to mitotic
chromosomes, we stained mitotic chromosome spreads with
antibodies specific for EBNA1 and hEBP2 (Fig. 4A). In the
control cells in which hEBP2 was still present, both hEBP2 and
EBNA1 were observed all over the chromosomes. In the cells
in which hEBP2 expression had been silenced, hEBP2 could
not be detected on the chromosomes and EBNA1 staining was
dramatically decreased, such that residual staining was ob-
served predominantly at the outer edges of the chromosomes.
The overlay of the DAPI and EBNA1 staining showed that this
residual staining in the absence of hEBP2 is actually outside
the DAPI-stained DNA, whereas EBNA1 staining is coinci-
dent with the DAPI staining on chromosomes containing
hEBP2. Identical results were obtained with mitotic cells col-
lected from log-phase cultures in the absence of Colcemid
treatment (data not shown). This effect was not observed with
the cellular chromosomal protein B23, which gave strong stain-
ing coincident with the DAPI staining with and without hEBP2
expression (Fig. 4B), indicating that hEBP2 silencing specifi-
cally affected EBNA1. While the images shown in Fig. 4 are
from HeLa cells that express EBNA1 at levels approximately

eightfold higher than in the EBV-transformed Raji cell line,
the same effect of hEBP2 silencing on EBNA1 localization was
observed using HeLa cells stably expressing EBNA1 at levels
approximately fourfold lower than in Raji cells (data not
shown). Hence, the results obtained are not an artifact of
EBNA1 overexpression. The possible effect of hEBP2 silencing
on EBNA1 localization in interphase was also examined by
staining log-phase cells for hEBP2 and EBNA1, but, as ex-
pected, no obvious effect was observed. As shown in Fig. 4C,
EBNA1 gave a pan-nuclear staining pattern both in the pres-
ence and absence of hEBP2. The results indicate that hEBP2
is specifically required for the efficient interaction of EBNA1
with the condensed chromosomes in mitosis.

Given the apparent differences in the accessibility of hEBP2
on mitotic chromosomes in C33A and 293T cells compared to
HeLa cells, we also examined the effect of hEBP2 silencing on
EBNA1 binding to mitotic chromosomes from C33A and 293T
cells expressing EBNA1, as described above for HeLa cells.
These experiments have the complication that we cannot visu-
alize hEBP2 in mitosis in these cells by microscopy in order to
know which cells are expressing or not expressing hEBP2.
However, by examining log-phase cells, we found that hEBP2
was silenced with similar efficiency as in HeLa cells, as approx-
imately 75% of the cells transfected with the hEBP2 silencing
construct lacked the nucleolar staining typical of hEBP2 (data
not shown). Efficient silencing of hEBP2 in C33A and 293T
cells was also seen by Western blotting (Fig. 3B and 3C). When
we compared EBNA1 staining on mitotic chromosome spreads
before and after silencing hEBP2, an obvious decrease was
seen in EBNA1 staining on the mitotic chromosomes prepared
from approximately 75% of the C33A or 293T cells after the
cells had been transfected with the hEBP2 silencing plasmid
(Fig. 4D). As we observed for HeLa cells, the residual EBNA1
staining seen on mitotic C33A and 293T chromosomes from
hEBP2-silenced cells formed a ring around the chromosomes
which was outside of the DAPI staining. These results indicate
that hEBP2 is important for EBNA1 attachment to mitotic
chromosomes in C33A and 293T cells, as it is in HeLa cells.

To further investigate and quantify the effects of hEBP2
silencing on EBNA1 binding to mitotic chromosomes, we frac-
tionated mitotically blocked cells, before and after silencing
hEBP2, into chromosomal pellet and soluble fractions and
compared the localization of EBNA1 by Western blotting (Fig.
5A). As expected, virtually all of the EBNA1 in the HeLa,
C33A, and 293T cells fractionated with the chromosomal pellet
when hEBP2 was expressed. Upon silencing of hEBP2, how-
ever, a significant proportion of the EBNA1 shifted to the
soluble protein fraction, indicating that it no longer bound to
the chromosomes. The silencing of hEBP2 had no effect on the
localization of control proteins, however, as the fractionation
pattern of the chromatin-associated B23 and histone H1 pro-
teins, as well as the soluble NAP1 protein, were unchanged
(Fig. 5B). The amount of EBNA1 in soluble and pellet frac-
tions with and without hEBP2 silencing was quantified for
multiple experiments in each cell line, and the average num-
bers are shown in Table 2. After transfection with the hEBP2
silencing plasmid, 56% of the EBNA1 in HeLa cells, 42% in
293T cells, and 38% in C33A cells was soluble. When the
background of approximately 25% of the cells that still express
hEBP2 is taken into account, these numbers indicate that, in

FIG. 3. hEBP2 repression by RNA silencing. Whole-cell lysates
prepared from log-phase HeLa (A), 293T (B), or C33A (C) cells
expressing EBNA1 or from EBV-positive C666-1 cells (D) were ana-
lyzed by Western blotting for USP7 (loading control), EBNA1 (A
only), and hEBP2 after transfection with pSilencer expressing hEBP2
(�) or GFP (�) hairpin RNA.
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FIG. 4. hEBP2 silencing specifically affects EBNA1 attachment to mitotic chromosomes. (A and B) HeLa cells expressing EBNA1 were
transfected with the hEBP2 silencing plasmid and then blocked in mitosis with Colcemid for 16 h. Mitotic chromosome spreads were stained with
anti-hEBP2 rabbit antibody and either anti-EBNA1 mouse antibody (A) or anti-B23 mouse antibody (B) and counterstained with DAPI. EBNA1
localization is shown for cells expressing (control) or lacking (siEBP2) hEBP2. Overlays of the EBNA1 and DAPI staining (A) or B23 and DAPI
staining (B) are also shown. (C) Interphase HeLa cells from log-phase cultures. (D) Effect of hEBP2 silencing on EBNA1 in C33A and 293T cells.
Cells were prepared as described for panel A. Since hEBP2 is not visible in these cells in mitosis, the EBNA1 staining in untransfected cells
(control) is compared to the pattern seen in the majority of the cells after transfection with the hEBP2 silencing plasmid (siEBP2). All images were
captured using the same exposure time.
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the cells in which hEBP2 is silenced, 75%, 56%, and 51% of
the EBNA1 is not chromosome bound in HeLa, 293T, and
C33A cells, respectively. These numbers are also in keeping
with the degree of EBNA1 staining observed by microscopy.
Therefore EBP2 plays a major role in EBNA1 binding to
mitotic chromosomes in all three cell lines.

Effect of hEBP2 silencing on mitotic chromosome attach-
ment of oriP plasmids. Since cells lacking hEBP2 will double
only four times, the ability of EBNA1 to segregate oriP plas-
mids in these cells cannot be definitively addressed, as segre-
gation effects of EBNA1 begin to become detectable only after
3 doublings and are typically measured by assessing oriP plas-

mid maintenance after 14 or more doublings (42, 49, 50).
However, the effect of hEBP2 silencing on the attachment of
oriP plasmids to the cellular mitotic chromosomes could be
determined, since this could be measured immediately upon
silencing of hEBP2. To this end, whole-cell lysates were pre-
pared from mitotic HeLa cells cotransfected with the oriP
plasmid expressing EBNA1 and the silencing plasmid for
hEBP2 or GFP. Lysates were separated into chromosomal
pellet and soluble fractions, and oriP plasmids in each fraction
were quantified by Southern blotting (Fig. 5C). As expected,
most of the plasmids were found in the chromosomal pellet in
cells expressing hEBP2. However, silencing of hEBP2 caused a
notable shift of the plasmids into the soluble fraction that was
similar in magnitude to that observed for EBNA1, indicating
that hEBP2 is important for the association of oriP plasmids
with mitotic chromosomes.

Effect of hEBP2 silencing in EBV-transformed cells. To ex-
tend our results showing release of EBNA1 from mitotic chro-
mosomes upon hEBP2 silencing to EBV-transformed cells, we
silenced hEBP2 in the C666-1 EBV-transformed nasopharyn-
geal carcinoma cell line (9) (Fig. 3D). This line was chosen
since EBV-transformed B cells are not well suited for siRNA
experiments due to low transfection efficiency. As shown in
Fig. 5D, EBNA1 pelleted with the mitotic chromosomes in the
presence of hEBP2 but approximately 50% of the EBNA1 was
released from the mitotic chromosomes to the soluble fraction
upon silencing of hEBP2. Therefore, hEBP2 plays a similar
role in tethering EBNA1 to mitotic chromosomes in EBV-
transformed as it does in EBNA1-expressing cell lines.

hEBP2 binding to mitotic chromosomes is dependent on
Ipl1/Aurora kinases. Having established that the presence of
hEBP2 on mitotic chromosomes is important for the attach-
ment of EBNA1 and oriP plasmids to these chromosomes, we
next addressed how hEBP2 itself binds to chromosomes. We
have previously shown that hEBP2 binds to mitotic chromo-
somes through its central coiled-coil domain, but the compo-
nent of the chromosomes recognized by this domain is not
known (28). We have also shown that when hEBP2 is ex-
pressed in budding yeast, it associates with the cellular chro-
matin only through the nucleolar region in interphase but
binds over the entire chromatin mass in mitosis (28). A similar
cell cycle-dependent redistribution of hEBP2 occurs in human
cells, indicating that the mitotic chromosome attachment of
hEBP2 is subject to the same regulation in human and yeast
cells. Therefore, we took advantage of a series of yeast ts
mutants to gain insight into the requirements for the redistri-
bution of hEBP2 to the mitotic chromosomes. Experiments
were performed using yeast ts mutants compromised in mitotic
chromosome structure and function, notably in several sub-
units of the essential cohesin (mcd1-1, smc1-1, and smc3-42)
and condensin (smc2-8, ycg1-2, and ycs4-2) complexes, which
disrupt sister chromatid cohesion and/or mitotic chromosome
condensation (13, 18, 31, 36, 44, 46). Each yeast strain was
transformed with a hEBP2-expressing plasmid, blocked in mi-
tosis, and then incubated at either the permissive or restrictive
temperature. Chromatin spreads were then prepared and
stained for hEBP2. Neither the loss of chromosome conden-
sation nor sister chromatid cohesion had any detectable effect
on hEBP2 binding to mitotic chromosomes (Fig. 6A). Further-
more, as the chromatin association of the entire cohesin or

FIG. 5. Effect of hEBP2 silencing on the biochemical fractionation
of EBNA1 and oriP plasmids. (A) Whole-cell lysates (W) were pre-
pared from equal cell numbers of mitotic HeLa, 293T, and C33A cells
expressing EBNA1 before (�) and after (�) transfection with the
hEBP2 silencing plasmid. Lysates were separated into chromosomal
pellet (P) and soluble protein (S) fractions and then were analyzed by
Western blotting using EBNA1 antibody. (B) Lysates prepared from
mitotic HeLa cells, before (�) and after (�) hEBP2 silencing, were
fractionated as for panel A and then analyzed by Western blot using
antibodies against Nap1, histone H1, and B23. (C) The localization of
oriP plasmids was determined for each HeLa cell fraction shown in
panel A by Southern blotting. The percentage of the plasmid that
localized to each fraction is indicated below each lane. (D) Lysates
were prepared from mitotic C666-1 cells before (�) and after (�)
silencing of hEBP2 and fractionated as for panel A. Western blots
probed with EBNA1 antibodies are shown.
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condensin complexes is dependent on the activity of both their
SMC and non-SMC components (31, 36, 46), it is unlikely that
any of these proteins serve as the attachment points for
hEBP2.

In addition to condensin and cohesin mutants, we also ex-
amined the possible requirement for the Ipl1 kinase in mitotic
chromosome binding by hEBP2, using a yeast strain with a ts
mutation that inactivates this enzyme (ipl1-321) (3). Ipl1 is
known to play several key roles in mitosis, through phosphor-
ylation of kinetochore components, histone H3, and theYcg1
condensin subunit (3, 8, 23, 32). The ipl1 strain was synchro-
nized in G1 and then released into a mitotic block at either the
permissive or restrictive temperature prior to the spreading of
the mitotic chromatin on slides and the staining of it for
hEBP2. While hEBP2 was observed bound to the chromatin
mass prepared at the permissive temperature, it was not de-
tected on the chromatin prepared at the restrictive tempera-
ture (Fig. 6A). Since the expression level of hEBP2 does not
change at the restrictive temperature, the failure to detect
hEBP2 on the chromosomes indicates that Ipl1 function is
required for hEBP2 to bind to mitotic chromosomes. In con-
trast, hEBP2 association with the nucleolar chromatin was
unaffected by the loss of any residual Ipl1 activity in G1 cells
(Fig. 6B). Therefore, Ipl1 is not required for hEBP2 localiza-
tion to the nucleolus but is required for the redistribution of
hEBP2 over the mitotic chromosomes.

Since histone H3 is known to be phosphorylated by Ipl1 in
mitosis and is widely distributed over the chromosome, as is
hEBP2, we investigated the possibility that hEBP2 may be
interacting with phosphorylated H3. To this end, we monitored
hEBP2 chromatin association in a yeast strain containing a
nonphosphorylatable histone H3 mutant, which lacks the con-
served serine 10 and 28 residues (H3 S10,28A) (23, 31). How-
ever, disruption of these phosphorylation sites on histone H3
had no obvious effect on the ability of hEBP2 to attach to the
yeast mitotic chromatin (Fig. 6A).

In humans, there are three homologues of Ipl1, Aurora
kinases A, B, and C (6, 14). Since Aurora B has the most
functional similarity to Ipl1, we first investigated its involve-
ment in hEBP2 attachment to human mitotic chromosomes.
We transfected HeLa, 293T, and C33A cells with a plasmid-
expressing hairpin RNA designed to silence Aurora B and
confirmed the decreased expression of Aurora B by Western

blot analysis of cell lysates (Fig. 7A). We then compared the
localization of hEBP2 in mitosis, with and without Aurora B
silencing, by Western blot analysis of fractionated cell lysates
(Fig. 7B). We consistently found that silencing of Aurora B
caused a proportion of the hEBP2 to shift from the chromo-
somal pellet into the soluble fraction, indicating a role for this
kinase in the mitotic chromosome attachment of hEBP2. This
effect was seen with all three cell lines tested to various de-
grees, with the weakest effect seen with 293T cells (Table 2).
The effect of Aurora B silencing on hEBP2 solubilization was
specific to mitosis, as no change in hEBP2 fractionation was
detected in log-phase cells upon Aurora B silencing (data not
shown). The specificity of the Aurora B effect on hEBP2 was
also reflected in the finding that down-regulation of Aurora A
and Aurora C by siRNA had no detectable effect on the ability
of hEBP2 to attach to mitotic chromosomes (Fig. 7C and D),
nor did treating cells with staurosporine, an inhibitor of several
kinases, including protein kinase C, CDK2, CDK4, and calci-
um-calmodulin-dependent kinase (data not shown) (34).

The contribution of Aurora B to the mitotic chromosome
association of hEBP2 was further investigated using a small
molecule (ZM447439) previously shown to specifically inhibit
the kinase activity of Aurora A and B, giving cellular effects
consistent with a specific inhibition of Aurora B function (11).
We used this drug to treat HeLa cells and determined its effect
on hEBP2 localization to mitotic chromosomes by biochemical
fractionation. As shown in Fig. 7E, ZM447439 treatment gave
the same effect as Aurora B silencing, causing release of a
proportion of hEBP2 from the mitotic chromosomes. This
verifies that the effect of the Aurora B siRNA treatment was
indeed due to loss of Aurora B and, further, shows that it is the
kinase activity of Aurora B that is important for hEBP2 relo-
calization to the mitotic chromosomes. We also used this drug
to determine if Aurora B plays a role in hEBP2 binding to
mitotic chromosomes in EBV-transformed B cells. To this end,
we treated the EBV-positive Raji Burkitt’s lymphoma cells
with ZM447439 and monitored hEBP2 in mitotic cell fractions.
As in HeLa cells, ZM447439 treatment resulted in incomplete
attachment of hEBP2 to the mitotic chromosomes as observed
by the appearance of hEBP2 in the soluble cell fraction, a
result that was consistent in multiple experiments.

TABLE 2. Effect of hEBP2 silencing on EBNA1 localization and Aurora B silencing on hEBP2 localization

Cell type

EBNA1 localizationa hEBP2 localizationb

hEBP2 �ve hEBP2 �ve AurB �ve AurB �ve

Supernatant Pellet Supernatant Pellet Supernatant Pellet Supernatant Pellet

HeLa 14 86 56 (75)c 44 4 96 24 (32)d 76
293 17 83 42 (56) 58 3 97 13 (17) 87
C33A 15 85 38 (51) 62 17 83 42 (56) 58

a Percentage of EBNA1 detected in the soluble and chromosomal pellet fractions of mitotic cell lysates by Western blotting before (hEBP2 �ve) and after (hEBP2
�ve) transfection with the hEBP2 silencing plasmid. Values are averages from three separate experiments.

b Percentage of hEBP2 detected in the soluble and chromosomal pellet fractions of mitotic cell lysates by Western blotting before (AurB �ve) and after (AurB �ve)
transfection with the Aurora B silencing plasmid. Values are averages from two to five separate experiments

c The numbers in parentheses in this column are the percentages of EBNA1 in the soluble fractions when only cells in which hEBP2 are silenced are considered (75%
of the cell population).

d The numbers in parentheses in this column are the percentages of hEBP2 in the soluble fractions when only cells in which Aurora B are silenced are considered
(75% of the cell population).
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DISCUSSION

The attachment of EBNA1 to the host chromosomes in
mitosis is a crucial step in the segregation and stable persis-
tence of EBV episomes. We have previously found that the
ability of EBNA1 to bind hEBP2 correlates with its ability to
attach to mitotic chromosomes and to segregate oriP-contain-
ing plasmids (48, 49). We have also shown that hEBP2 enables
EBNA1-mediated plasmid segregation in yeast when coex-
pressed with EBNA1 and that it functions to tether EBNA1 to
the mitotic chromosomes in that system (28, 29). We now show

FIG. 6. hEBP2 association with yeast mitotic chromosomes.
(A) Yeast ts mutants (as indicated) containing a hEBP2 expression
plasmid were arrested in mitosis and then incubated at either the
restrictive (R) or permissive (P) temperature (except H3 S10,28A,
which is at 30°C). Chromosome spreads were stained for hEBP2 and
with DAPI. (B) G1-arrested ipl1 cells expressing hEBP2 were incu-
bated at either the restrictive or permissive temperature. Chromosome
spreads were stained for hEBP2 with Nop1 as a nucleolar marker and
counterstained with DAPI. All images were captured using �1000
magnification and the same exposure time.

FIG. 7. Effect of Aurora B silencing and inhibition on hEBP2 lo-
calization in human cells. (A) Western blot showing Aurora B expres-
sion in comparison to USP7 (loading control), in HeLa, 293T, and
C33A cells before (�) and after (�) silencing of Aurora B. (B) Lysates
(W) were prepared from mitotically blocked cells before (�) and after
(�) silencing of Aurora B and separated into chromosomal pellet
(P) and soluble (S) protein fractions. Samples were analyzed by West-
ern blotting using anti-hEBP2 antibody. (C) Western blot showing
Aurora A or Aurora C expression, as indicated, in HeLa cells before
(�) and after (�) Aurora A or Aurora C silencing, respectively.
(D) Lysates were prepared from mitotic HeLa cells before (�) or after
(�) silencing of Aurora A, B, or C, as indicated, and then separated
into soluble (S) and pellet (P) fractions. Western blots were performed
using hEBP2 antibody. (E) HeLa or Raji whole-cell lysates (W) were
prepared before (�) or after (�) the addition of ZM447439 and
separated into soluble and pellet fractions. Western blots were per-
formed using hEBP2 antibody.
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that hEBP2 plays a major role in the attachment of EBNA1 to
mitotic chromosomes in human cells and, as expected, the loss
of EBNA1 from the chromosomes leads to the dissociation of
oriP plasmids from the chromosomes. In cells in which hEBP2
expression had been silenced, 50 to 75% of the EBNA1 in
three different cell lines no longer associated with the mitotic
chromosomes. The remaining EBNA1 staining seen on the
mitotic chromosomes after EBP2 silencing was localized pre-
dominantly to just outside the DAPI staining and therefore is
qualitatively different than the DAPI-coincident EBNA1 stain-
ing seen in the presence of hEBP2. The EBNA1 signal ob-
served outside the DAPI staining may simply reflect nonspe-
cific sticking of EBNA1 to the chromosomes or may indicate
an alternative mechanism of attachment through RNA tails or
DNA loops at the chromosome periphery. There also appears
to be some residual EBNA1 staining in the body of the mitotic
chromosomes in the absence of hEBP2, which may indicate
that a proportion of EBNA1 can attach to mitotic chromo-
somes through other chromosomal proteins. Unlike the effects
in mitosis, hEBP2 silencing had no obvious effect on EBNA1
localization in interphase, suggesting that the two proteins do
not interact until the onset of mitosis. This is consistent with
the limited overlap of hEBP2 and EBNA1 staining in inter-
phase, where hEBP2 is nucleolar and EBNA1 is found
throughout the nucleus, and with our previous mutational
analyses of EBNA1 that indicated that hEBP2 binding was not
responsible for the localization of a proportion of the EBNA1
to the nucleolus (49).

During the course of our studies, we made the unexpected
observation that, in mitosis, hEBP2 was detectable by micros-
copy in a cell line-specific manner. This was not an artifact of
our antibody, since GFP-tagged hEBP2 behaved similarly.
Since hEBP2 is a highly conserved essential protein in eu-
karyotes, it would not be expected to behave fundamentally
differently in different cell lines. Indeed, Western blot analyses
showed that hEBP2 is present in similar amounts in mitosis in
all cell lines examined and that its localization in fractionated
cells is consistent with mitotic chromosome binding and not
with localization in the soluble portion of the cell. In addition,
silencing of hEBP2 was found to severely decrease EBNA1
attachment to mitotic chromosomes in all cell lines, providing
additional evidence for the association of hEBP2 with the
chromosomes. The reason that hEBP2 is clearly seen on meta-
phase chromosomes by microscopy in some cells lines and
detected on the chromosomes in other cell lines only by West-
ern blotting is not known but most likely reflects the masking
of hEBP2 by another protein. While this suggests that hEBP2
is not very accessible in metaphase in some cell types, the
effects of hEBP2 silencing on EBNA1 localization shows that
hEBP2 is accessible to EBNA1 in all cell lines examined and,
in keeping with this observation, EBNA1 can mediate the
segregation of oriP plasmids in HeLa, 293, and C33A cells to
similar degrees (K. Shire, H. Wu, and L. Frappier, unpublished
data). The ability of EBNA1 to access hEBP2 in all cell lines
examined is likely due to the time at which the initial EBNA1-
hEBP2 interaction occurs. Nucleoli in mammalian cells disin-
tegrate during early prophase, and the nucleolar proteins re-
distribute, many becoming associated with the chromosome
periphery (12, 15, 21). It is expected that EBNA1 and hEBP2
would associate during this redistribution in early prophase.

The timing of the association and dissociation of EBNA1 and
hEBP2 with each other and with cellular chromosomes will be
important to address in future studies.

We have also investigated the mechanism by which hEBP2
itself attaches to chromosomes in mitosis. Two lines of evi-
dence suggest that this interaction is likely to occur through
hEBP2 binding to an as-yet-undefined chromosomal protein as
opposed to binding directly to the DNA. First, the central
domain of hEBP2 that is responsible for the mitotic chromo-
some interaction is predicted to be a coiled-coil domain (28),
and coiled-coil domains in other proteins typically mediate
protein interactions (1). Secondly, the interaction of hEBP2
with chromatin is more extensive in mitosis than in interphase,
whereas the DNA itself would be more accessible in inter-
phase. We have also tested the possibility that hEBP2 could be
tethered to the mitotic chromosomes through RNA tails, as
reported for some proteins (21), but find no detectable release
of hEBP2 from the chromosomes upon RNase treatment (H.
Wu and L. Frappier, unpublished data).

A paper by Sears et al. (41) recently reported that hEBP2
was not important for EBNA1-mediated segregation in human
cells, largely based on the observations that (i) multimerization
of the EBNA1 N-terminal region in the absence of the main
hEBP2 binding region (325 to 376) could result in some ability
of EBNA1 to maintain plasmids, (ii) the fusion of hEBP2 to
the EBNA1 DNA binding domain was insufficient to stably
maintain oriP plasmids in human cells, and (iii) that hEBP2
was not visualized on mitotic chromosomes using a monoclonal
antibody. However, there are several problems with the inter-
pretation of these experiments. While the first set of experi-
ments may indicate that EBNA1 can be engineered to segre-
gate plasmids in different ways, it does not address the
mechanism of attachment of the wild-type EBNA1 protein,
which does not have a multimerized N terminus. In the context
of the native EBNA1 protein, deletion of the 325-to-376
hEBP2 binding region abrogates the segregation activity of
EBNA1 without affecting its DNA replication function (42). In
the second set of experiments, while the hEBP2-EBNA1 fusion
protein was not able to stably maintain oriP plasmids, it also
was unable to replicate them. Since the stable maintenance of
oriP plasmids depends on their ability to replicate, no conclu-
sions can be made about the segregation activity of this fusion
protein. In the third set of experiments, failure to detect
hEBP2 on mitotic chromosomes from 293 cells could be due to
the inability to stain for hEBP2 as reported here; however, we
also note that there is no published evidence that the mono-
clonal antibody used is specific for hEBP2. This antibody was
raised against a crude nucleolar extract (7), and there has been
no published study to show that it recognizes hEBP2 as op-
posed to other nucleolar proteins of a similar size. The fact that
this antibody detects a protein that is not associated with the
chromosomes in mitosis (something we have never seen by
staining with hEBP2-specific antibodies or expressing GFP-
tagged EBP2 in the many cell lines tested) suggests that it is
recognizing a nucleolar protein that is distinct from hEBP2.

Based on sequence similarity of EBNA1 residues 41 to 54
and 329 to 350 with the AT hooks of HMG1, Sears et al. (41)
propose that these regions of EBNA1 bind directly to DNA to
mediate the attachment of EBNA1 to mitotic chromosomes.
However, these EBNA1 sequences have not been shown to
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directly bind DNA in the context of the folded EBNA1 pro-
tein. Furthermore, the dissociation of EBNA1 from the chro-
mosomes upon EBP2 silencing, as shown here, strongly argues
against this model as the predominant route of EBNA1 attach-
ment to mitotic chromosomes. The AT hook model of chro-
mosome attachment is also not consistent with reports that the
majority of EBNA1 does not bind cellular chromosomes in
interphase (10), when the DNA would be most accessible, and
that deletion of the first putative AT hook (residues 34 to 52)
has no effect on the ability of EBNA1 to attach to mitotic
chromosomes or segregate EBV-based plasmids (49). How-
ever, it is possible that the residual EBNA1 staining seen on
mitotic chromosomes in the absence of hEBP2 may be due to
an AT-hook interaction with exposed DNA loops in the chro-
mosome periphery.

In order to examine some of the possible protein require-
ments for hEBP2 binding to mitotic chromosomes, we took
advantage of the fact that hEBP2 expressed in yeast undergoes
the same cell cycle-regulated association with the host chro-
matin as it does in human cells (28). Using a series of ts yeast
mutants, we found that hEBP2 attachment to the mitotic chro-
mosomes was dependent neither on the presence of condensin
or cohesin complexes on the chromosomes nor on proper
chromosome condensation or cohesion. In this respect, the
segregation of EBV plasmids in yeast is different than that of
yeast 2�m plasmids, which directly interact with the yeast co-
hesion complex through the Mcd1 subunit (35). The interac-
tion of hEBP2 with the chromosomes in mitosis was depen-
dent, however, on the Ipl1 kinase. Ipl1 is known to
phosphorylate several proteins, including kinetochore compo-
nents, the Ycg1 component of condensin and histone H3, and
a consensus phosphorylation site has been identified as
[RK]X[TS][ILV] (3, 8, 23, 32). Our results suggest that in
mitosis, Ipl1 must phosphorylate either hEBP2 itself or the
chromosomal protein to which hEBP2 binds in order to trigger
the interaction of hEBP2 with the mitotic chromosomes. To
test the first possibility, we searched hEBP2 for Ipl1 consensus
sites but found no matches to this sequence. Therefore, we
currently favor the second possibility, that the Ipl1 require-
ment is due to phosphorylation of another chromosomal pro-
tein. This target protein would have to be widely distributed
over the chromosomes in order to result in the observed
hEBP2 staining pattern. While the known Ipl1/Aurora B tar-
get, histone H3, fits this distribution, yeast strains containing
histone H3 N-terminal tail mutants lacking the known Ipl1/
Aurora B target sites (serines 10 and 28) (16, 23) were not
defective in hEBP2 binding to the mitotic chromosomes (Fig.
6 and data not shown). While these results may indicate that
H3 is not the attachment site for hEBP2, we cannot rule out
the possibility that it might play a redundant role in mediating
Ipl1-dependent hEBP2 interactions. On that note, it is inter-
esting that the cellular protein (Brd4) recently shown to me-
diate the mitotic chromosome attachment of the bovine pap-
illomavirus E2 protein, and hence the segregation of bovine
papillomavirus genomes, attaches to chromosomes through
modified (acetylated) histone tails (5, 52).

Ipl1 belongs to the Aurora family of kinases, of which there
are three in humans, Aurora A, B, and C (6, 14). Considerable
evidence indicates that Aurora B is functionally equivalent to
Ipl1. Like Ipl1, Aurora B in several organisms has been shown

to phosphorylate histone H3 and kinetochore components and
to play essential roles in chromosome condensation, segrega-
tion, and cytokinesis (6). Since Ipl1 is essential for the attach-
ment of hEBP2 to mitotic chromosomes in yeast, we examined
the involvement of Aurora B in hEBP2 binding to human
mitotic chromosomes. We consistently observed that down-
regulation of Aurora B by RNA silencing or inhibition of
Aurora B kinase activity with ZM447439 led to decreased
hEBP2 binding to the mitotic chromosomes and increased
hEBP2 in the soluble fraction. This effect was seen for all four
cell lines tested (including EBV-transformed B cells) to vari-
ous degrees, and the degree of the effect did not correlate with
the ability to visualize hEBP2 in mitosis by microscopy. The
effect of Aurora B silencing on hEBP2 localization in human
cells was not as dramatic as the effect of Ipl1 inactivation on
hEBP2 localization in yeast. This may be due to different
degrees of down-regulation of these proteins due to the dif-
ferent techniques used. While the Ipl1 ts mutation would cause
the inactivation of all Ipl1 in the cell in a single cell cycle, the
RNA silencing approach used for Aurora B is likely to result in
a low residual level of catalytically active Aurora B, which may
be sufficient to promote hEBP2 attachment to the chromo-
somes. Similarly, treatment with ZM447439 may not com-
pletely inactivate all of the Aurora B kinase in the cell. Alter-
natively, the results may indicate that there is some functional
redundancy between Aurora B and other kinases, although
these do not appear to be Aurora A or C. The role of Aurora
B in hEBP2 relocalization fits with the fact that Aurora B levels
and activity peak in G2/M and that Aurora B localizes to the
chromosomes during early prophase (4), where it could phos-
phorylate a chromosomal component that is then bound by
hEBP2. Identifying this chromosomal component will be an
important part of future studies.
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